The temperate bacteriophage mv4 is representative of a widespread phage genetic group of Lactobacillus delbrueckii subsp. b t i S or bulgarricus. The genome of this phage is circularly permuted and terminally redundant, as shown by mature mv4 homoduplexes, Southern hybridization and restriction enzyme analysis. A circular map of the mv4 genome was established, with unique sequences totalling 36 kb. The genomic location of the pac site (packaging site of mv4 DNA into phage heads) and the att site (phage integration site into the host cell chromosome) was determined. The genes coding for the two main structural phage proteins and for a phageassociated lysin were also mapped. Phage mv4 is capable of transducing a limited set of pieces of bacterial DNA and several specific chromosomal attachment sites of phage mv4 were identified. Bacteria lysogenic for phage mv4 were shown to be immune to infection by L delbrueckii virulent phages related to mv4.
Introduction
Lactobacillus delbrueckii subsp. bulgaricus is a member of the large and economically important genus Lactobacillus (Kandler & Weiss, 1986) , and is found predominantly in fermented milk products, being used as a starter culture for yoghurt and cheese production. It is a fastidious bacterium, growing only in rich growth media. Despite the use of L. delbrueckii subsp. bulgaricus for hundreds of years, very little is known about its genetic properties, and to date, no efficient gene transfer system has been described for it (Langella & Chopin, 1987; Boizet et al., 1988) . The only genes isolated and analysed so far are the /3-galactosidase gene (Schmidt et al., 1989; Mollet & Delley, 1990; Mollet & Delley, 1991) and several tRNA genes (Hottinger et al., 1987; Pittet & Hottinger, 1989a, 6 ; Schon et al., 1988) , which reveal original features concerning genetic stability and translation mechanisms.
An alternative way to study the genetics of this bacterial species is through its bacteriophages and their interactions with the host cell. As in other bacterial genera, bacteriophages may serve as an important model system for basic molecular genetic studies and may be useful tools for molecular cloning or gene transfer. In addition, in the dairy industry, bacteriophage contamination of the starter strains is a common occurrence, and is an important problem affecting yoghurt and cheese manufacturing processes. A detailed knowledge of the biology of these phages will facilitate the improvement of phage resistance of L. delbrueckii subsp. bulgaricus starter cultures.
In previous work (Lahbib-Mansais et al., 1988; Mata et al., 1986) , phages of L. delbrueckii subsp. bulgaricus were differentiated into two DNA homology groups. The most widespread group, designated group a, contained 15 virulent and 4 temperate phages. The genome of one virulent phage of this group has been characterized (Trautwetter er a!., 1986). The two temperate phages belonging to group a (mvl and mv4) are closely related , and their ultrastructural morphology has been described (Cluzel et al., 1987) . We have initiated the study of temperate phage mv4, and characterized the lysA gene, which encodes an endolysin, at a molecular level (Boizet et al., 1990) . We intend to use this phage as a model system to study lysogeny in Lactobacillus delbrueckii subsp. bulgaricus and possibly to develop it into a gene transfer and integration system for L. delbrueckii subsp. bulgaricus. In the present paper, we report the characterization of the genome of phage mv4 and the interrelationships of phage mv4 with the host chromosome.
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Methods
Immunoblotting. Immunoblotting experiments were performed as described earlier . Bacterial strains. plasmids and bacteriophages. Escherichia coli strains HB 101 pro leu rpsL hsdR gal thi recA lac Y (Boyer & Roulland-Dussoix, 1969) and MC1061 araD139 A(ara-leu)7697 AlacX74 galU hsdR rpsL supo (Minton, 1984) were used for the transformation experiments and K38 (HfrC) (Russel & Model, 1984) for the in vim expression experiments. E. coli plasmids used were pBR322 (Bolivar et al., 1977) , pTZ18R and pRZ19R (Mead et al., 1986 ) and pGP1-2 (Tabor & Richardson, 1985) . We used L. delbrueckii subsp. bulgaricus temperate phages mvl, mv4,037 and 038 (Cluzel et al., 1987; Lahbib-Mansais et al., 1988) and L. delbrueckii subsp. lactis and bulgaricus virulent phages P1, P18,@50, 051, and 052 (Lahbib-Mansais et al., 1988; Mata et al., 1986) . LT4 and LTl were Lactobacillus delbrueckii subsp. bulgaricus strains lysogenic for phages mv4 and mvl respectively (Cluzel et al., 1987) . Lactobacillus delbrueckii subsp. lactis LKT was the propagating host for both temperate phages mv4 and mvl. LT4-31, LT4-32 and LT4-33 were independently isolated derivatives of LT4 cured of its prophage by mitomycin C treatment (this study). LKT was lysogenized with phages mvl and mv4. Four independently isolated lysogenic strains were obtained : LKT6 and LKT7 contained prophage mvl and LKTS and LKT9 contained prophage mv4 (this study). Lactobacillus delbrueckii was grown in MRS broth (De Man et al., 1960) .
DNA isolation and manipulation. Plasmid DNA isolation, restriction endonuclease digests, DNA ligation, gel electrophoresis and E. coli transformation were performed as described by Sambrook et al. (1989) .
DNA-DNA hybridization. Purified phage DNAs were digested with endonucleases and electrophoresed on a 1 % or 0.7% agarose gel. The resulting fragments were transferred to nylon sheets (Hybond-N, pore size, 0.45 pm; Amersham) as described by Southern (1975) and modified by Reed & Mann (1985) (vacuum blot technique). The filter sheets were then incubated at 42 "C for 24 h in hybridization buffer containing 32P-labelled reference DNA obtained by nick translation (Rigby et al., 1977) or random priming (Feinberg & Vogelstein, 1983) . Hybridization buffer was 50% (v/v) formamide in 6 x SSC (1 x SSC is 0.15 M-NaCl plus 0-015 M-sodium citrate)/O.l% SDS/5 mM-EDTA/ 2.5% (w/v) fat-free milk powder (Johnson et al., 1984) . After hybridization, the strips were sequentially washed in (i) 2 x SSC/O-l% SDS at room temperature for 30 min (twice) and (ii) 0-2 x SSC/O-l% SDS at 55 "C for 30 min (twice); the filter was dried after the final wash and exposed to Kodak XAR film.
Pulsed-field gel electrophoresis. Genomic DNA of the lysogenic or cured strains was prepared by the method of McClelland et al. (1987) . The agarose plugs containing the chromosomal DNA were incubated at the appropriate temperature for 8 to 16 h in the presence of 10 to 25 units of the restriction enzyme. Oligomers of phage 1 were prepared by the Waterbury method (Waterbury & Lane, 1987) . Electrophoresis of the DNA was done on a contour-clamped homogeneous electric field system (Pulsaphor Plus; LKB Pharmacia) for 7 to 14 h in TBE (50 m~-Tris base, 50m~-boric acid, 1 m~-EDTA), with two different pulse times: 1 s for phage or 2.5 s for cells, at 200 V, as previously described (Le Bourgeois et al., 1989) . To eliminate the extrachromosomal form of mv4 DNA present in the lysogens, the agarose plugs containing the lysed cells were subjected to pre-electrophoresis in standard conditions (0.8% agarose, 1 h, 60V).
Cloned gene expression by the in vivo transcriptwnltranslation technique. E.coli K38 with plasmid pGP1-2 (coding for T7 RNA polymerase under Ad857, ApL control) was transformed with plasmids pTZ18R or pTZ 19R containing mv4 DNA fragments. The proteins encoded by these recombinant plasmids were labelled with ~-[~%]methionine after heat induction as outlined by Tabor & Richardson (1985) , separated by SDS-PAGE and detected by atttoradiography .
Results
Phage sensitivity of prophage-cured and lysogenic strains
The two Lactobacillus delbrueckii subsp. bulgaricus strains LT4 and LT1 were shown to be lysogenic for phage mv4 and mvl respectively (Cluzel et aZ., 1987) . Both induced phages could be propagated on LactobacilZus delbrueckii subsp. lactis strain LKT. When phage mv4 was propagated on this strain, the latent period of the phage was 60 min and the burst size was 45 phages per cell. The lysogenic strain LT4 was cured of its prophage by mitomycin C treatment, and conversely the indicator strain LKT was lysogenized by mv4 or mvl . Phages P1, P18, @y, (€60, 051 and 0 5 2 isolated as virulent phages, as well as the two temperate phages a37 and 038, are related to phage mv4 (Lahbib-Mansais et al., 1988) . The lysogenic and prophage-cured strains were examined for their sensitivity to all of these phages. All of them were able to propagate on prophage-cured strain LT4 and on strain LKT. In contrast, the lysogenic strains LT4, LKT6, LKT7, LKT8, LKT9 were resistant to all the phages tested. The phage adsorption measured with phage mv4 reached 85 to 95% for the lysogenic or the cured strains, proving that the phage resistance did not occur at the adsorption level. Therefore, the prophages mvl and mv4 are capable of conferring superinfection immunity not only to mvl or mv4 infection but also to that of other mv4 related phages.
Restriction map of phage mu4
Electron micrographs of mv4 DNA showed linear molecules with an estimated size of 38.7 kb (results not shown). Several restriction enzymes were used to digest mvl and mv4 DNAs. The phage genomes were not cut by NotI, ApaI or SgrA1. Only minor variations in the restriction patterns of phages mvl and mv4 were observed. For example, the SaA and PstI digests differed only by one or two fragments. The 10.5 kb SalI-C fragment of mv4 ( Fig. 1) was absent in the pattern of mvl, and two additional bands of 8-25 and 2.25 kb appeared, suggesting that the 10.5 kb SaA fragment contained an additional site in the mvl genome with respect to the mv4 genome. This was confirmed by DNA-DNA hybridization, since the 10.5 kb SaZI fragment was able to hybridize to both the 8.25 kb and the 2.25 kb SaA fragments of mvl DNA. The 3.5 kb PstI-E restriction fragment in the mv4 digest ( Fig. 1) was absent in that of mvl and was replaced by a 2.7 kb fragment. These two fragments were able to hybridize in Southern blot experiments. A deletion of 0.8 kb had probably occurred in the 2.7 kb PstI fragment of mv 1. The genome sizes of mv4 and mvl were estimated from the size of the restriction fragments as 36 and 35.2 kb. The phages seemed to have a common origin.
To facilitate the construction of a restriction map and to study the phage genome expression, EcoRI, PstI, S d I and BamHI restriction fragments of mv4 were cloned into E. cofi plasmid vectors. About 95% of the phage genome was cloned. A restriction map of the mv4 genome was constructed from data obtained with single and double digests of mv4 DNA, by comparing the restriction patterns of mv4 to that of the cloned fragments and by hybridization studies with recombinant plasmids to probe digests of mv4 DNA . The BamHI, EcoRI, MluI, PstI, MI, SmaI and XhoI restriction maps deduced from these experiments are shown in Fig. 1 .
The configuration of mv4 genome extremities was examined. It seems likely that phage mv4 does not possess cohesive ends. Heating at 65 "C before electrophoresis or incubation in conditions allowing cohesive ends to anneal did not alter the restriction pattern of EcoRI, PstI, SalI or BumHI digested mv4 DNA, and the method used for generating concatemers of phage 1 (Waterbury & Lane, 1987) failed to produce concatemers of phage mv4. The fragments located at the two extremities of the linear phage genome could not be determined. For example, each restriction fragment generated by EcoRI digestion was flanked on either side by another EcoRI fragment as deduced from DNA-DNA hybridization experiments. These observations are consistent with a circular restriction map, indicating that individual mv4 molecules are terminally redundant, the molecules differing in their sequence by a circular permutation. This result was confirmed by analysis of electron micrographs of homoduplexes of the mature mv4 DNA. Circular molecules were observed with single-stranded tails at opposite positions (Fig. 2) . The efficient circle formation clearly indicates the presence of terminally redundant circularly permuted DNA sequences in a population of mv4 molecules.
Site of initiation of genome packaging
As seen on electron microscopy and in Fig. 3 (lane 7) , all the linear mv4 DNA molecules seemed to be homogeneous in size. However, fine analysis of phage DNA Y. Lahbib-Mansais and others restriction patterns revealed some unusual characteristics. The presence of submolar fragments was often detected. In addition to the 5 major fragments, one minor band of 12-5 kb (Sun-B, Fig. 3, lane 3) was always visible in the SalI digests, and sometimes faint bands of 3.4 and 6.7 kb appeared. The submolar 12.5 kb SalI-B fragment shows homology with the 16kb Sun-A fragment, indicating that SalI-B is obviously derived from the Sun-A well-defined larger fragment. These submolar fragments were also particularly well visible in restriction patterns obtained with enzymes having few cutting sites on the mv4 chromosome like SmaI (3 sites), XhoI (2 sites), MluI (2 sites) and S$I (2 sites) (Figs. 1 and 3) .
Endonuclease XhoI has two cleavage sites on the mv4 genome which are 0.5 kb distant. Instead of two fragments of well-defined size in addition to the 0.5 kb XhoI fragment, a smear running from 26 to 13 kb was detected (Fig. 3, lane 4) . The MluI and SfiI patterns were characterized by a central fragment of 8 and 10 kb respectively, and two smears (31 to 24 kb and 9 to 6 kb for MluI, 28 to 18 kb and 15 to 8 kb for S ' I ) corresponding to the two extremity fragments, which have a variable length. The sum of all fragment sizes, including all faint bands, exceeds the genome length by at least twofold.
All these results suggest that the submolar fragments are generated during maturation of the phage genome. Phage DNA replication generates DNA concatemers. These molecules are cleaved at a unique pac site located at the SalI-A-SalI-E junction ( Fig. 1) before packaging in the phage head. The predicted direction of packaging is counterclockwise on the map shown in Fig. 1 . The first round of packaging should give rise to a mv4 DNA molecule with a terminal redundancy of about 3.5 kb and subsequent rounds of packaging would follow.
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For example, the 26 kb XhoI and 9 kb MluI faint bands observed correspond to the distance between the puc site and the next restriction site in a counterclockwise direction in the restriction map, during the processing of 
Expression of the phage mu4 genome
The molecular masses of the structural proteins of phage mv4 as estimated by SDS-PAGE were 68,6 1,46,34 and 18 kDa. The 18 and 34 kDa proteins gave very intense bands, and probably correspond to the major proteins of the tail and the capsid. To localize the genes coding for these structural proteins on the mv4 genome, three methods were used. First, in immunoblot analysis, promoter site of the plasmid. E. coli K38 containing plasmid pGP1-2, which expresses a T7 RNA polymerase under temperature control was transformed with the pTZ derivatives carrying mv4 fragments. Under the appropriate expression conditions, the double transformant cells produced polypeptides of different sizes, depending on the nature and the orientation of the cloned fragment in the pTZ vector (Table 1) . In all cases, among all the mv4 recombinant plasmids, only those containing the PstI-B fragment produced an 18 kDa protein in E. coli able to react with polyclonal rabbit antiserum to phage mv4. This protein is one of the major phage proteins. No other protein could be detected by this procedure.
Phage mv4 is related to LL-H, a virulent phage of Lactobacillus delbrueckii subsp. luctis, at both DNA and protein levels . A bank of LL-H restriction fragments previously constructed and characterized (Trautwetter et al., 1986) was used to locate the structural genes on the mv4 restriction map. Plasmid pTHS41 coding for a 34 kDa LL-H protein was able to hybridize to fragment PstI-F of mv4. DNA homology was also found with plasmid pTHE1 coding for the 19 and 34 kDa LL-H proteins and the PstI-B, EcoRI-A, only one orientation of the phage inserts into pTZ plasmid gave rise to the synthesis of proteins, proving that there is only one coding strand on these fragments. Only two proteins (of 18 and 34 kDa) synthesized in the in vivo transcription/translation expression system comb grated with the two major structural proteins of phage mv4. The other proteins synthesized, which did not comigrate with any structural protein of phage mv4, were not identified. The gene ZysA coding for a phageassociated lysin was localized on a 1 150 bp fragment within the BamHI-B fragment (Boizet et al., 1990) . The location and the direction of transcription of the lysin operon (lysA-lpB) and the genes coding for the two major structural proteins are shown in Fig. 1 .
BamHI-E, BumHI-G and SalI-A mv4 restriction fragments. Plasmid pTHP2 coding for LL-H-phage-associated lysin and for 54 and 75 kDa proteins hybridized to EcoRI-B, SulI-C, PstI-A, BumHI-B and BurnHI-D mv4 fragments. To identify the mv4 gene products more accurately, an in vivo transcription/translation expression study was performed, using the system of Tabor & Richardson (1985) . Some of the mv4 restriction fragments able to hybridize to the LL-H structural genes were cloned into the expression vector pTZ18R or pTZ19R in opposite orientations with respect to the T7 Evidence for the presence of bacterial DNA in the mu4 phage preparations
To be capable of generalized transduction, a phage must package the DNA from long molecules by the headful. A further requirement for packaging of chromosomal DNA is that the DNA survives intact during phage development. Phage mv4 seems to fulfil these conditions. To determine whether mv4 could transduce chromosomal DNA, purified genomic DNA from strain LKT was used as probe to hybridize to uncut and digested DNA from phage mv4 propagated on LKT (Fig. 4) . The uncut mv4 DNA gave a significant hybridization signal, whereas weaker bands appeared in the BamHI, EcoRI, SaZI and PvuII digest DNAs. These hybridization bands did not comigrate with phage mv4 restriction fragments and were visible only on the autoradiogram. To eliminate the possibility that the hybridization signals were due to contaminant chromosomal DNA from the propagating host LKT, the phage-containing samples were pretreated with DNAase before DNA extraction of the phage. After DNA-DNA hybridization with LKT genomic DNA, the same bands were apparent for pretreated or untreated phage DNA samples, proving that the bands correspond to LKT genomic DNA packaged into the phage head.
IdentiJication of the phage and bacterial attachment sites
After NotI digestion, total genomic DNAs of the lysogenic strains LT4, LKT6, LKT7, LKT8 and LKT9 were subjected to pulsed-field gel electrophoresis and hybridized with the mv4 genome as a probe. In addition to one band comigrating with mv4 DNA, other fragments were detected (Fig. 5 ). An 85 kb NotI fragment gave a signal in the LT4 DNA digest, whereas two bands (with estimated sizes of 59 and 52 kb) hybridized in LKT6 and LKT8 NotI digests and two bands (of approximately 73 and 56 kb) were detected in digests of LKT7 and LKT9. Since phage mv4 had no NotI restriction site, strain LT4 contained one attachment site located on a 49 kb NotI fragment whereas strain LKT contained at least four distinct mv4 integration sites located on 16, 20, 23, and 37 kb NotI fragments. The attachment sites of phages mv4 and mvl were identical in strain LKT since LKT6 and LKT7 lysogenic for phage mvl behaved, respectively, as LKT8 and LKT9, which contained mv4 prophages.
L. bulgaricus temperate bacteriophage 1 145
To locate the attachment site on the phage genome, the attP site, mv4 DNA was used as probe to hybridize to phage mv4 or LT4 genomic DNA, both digested with Sari. The LT4 genomic DNA was submitted before San restriction to a pre-electrophoresis to eliminate the nonintegrated mv4 genomes present in the preparation. When compared to the mv4 SalI restriction pattern, a phage fragment of 5.9 kb had disappeared, and two new bands of 8.0 and 2.8 kb gave a signal in the LT4 DNA digest. Similar results were obtained with PuuII and CluI LT4 digests. In each case, one phage fragment disappeared (PuuII, 5.0 kb; CZaI, 4-4 kb) but only the 6.5 kb PvuII junction fragment was visible (results not shown). The other junction fragments were not detected; either they contained too little DNA homologous to the mv4 probe to produce a signal, or they were masked by the other prophage restriction fragments. Since the phage mv4 integration site in strain LT4 is present on the SaII 5-9 kb, PvuII 5.0 kb and ClaI 4.4 kb phage fragments and since these fragments contain a 0.5 kb overlap, the attP site can be located on this segment on the restriction map (Fig. 1) .
Discussion
Mature mv4 homoduplexes, hybridization studies and restriction enzyme analysis showed that mv4 DNA molecules are terminally redundant and circularly permuted. One of the best known bacteriophages with these features is Salmonella phage P22 (Jackson et al., 1978) . A variety of other phages, such as Bacillus subtilis phage SPPl (Deichelbohrer et al., 1982) , Escherichia coli phage P1 (Sternberg & Coulby, 1987) , Lactococcus lactis phage BK5-T (Lakshmidevi et al., 1988) and mycoplasma virus L3 (Just & Klotz, 1990 ) support the P22 model: phage DNA packaging occurs by processive 'headful' packaging starting with concatemeric precursor DNA molecules. These replicative intermediates are cleaved at the unique pac site (Casjens et al., 1987) . Subsequent rounds of packaging follow. The size and the position of the submolar restriction fragments suggest that the mv4 pac site is located at the SuA-A-SuII-E junction. The predicted direction of packaging is counterclockwise. The mv4 DNA molecule packaged in the phage head would have a terminal redundancy of about 3.5 kb. This feature explains the difference of about 3.5 kb observed in the mv4 genome size determination when calculated by adding the size of the equimolar restriction fragments (36kb) or when measured on entire linear DNA molecules by electron microscopy (38.7 kb) or by PFGE (39 kb).
Location of the attachment site (attP) of mv4 DNA on the phage genome and evidence for several specific attachment sites (attB) on the chromosomes of independently isolated lysogens suggest that mv4 DNA could integrate into the bacterial chromosome according to the model of Campbell (1 962). Before phage integration, circularization of the linear phage DNA should occur through recombination between the terminally redundant ends as observed for P22 (Weaver & Levine, 1977) or suggested for phage BK5-T (Lakshmidevi et al., 1988) .
A linear extrachromosomal form of mv4 DNA seemed to co-exist with the prophage integrated form since in Southern blots of DNA from the lysogenic strains, a strong signal corresponding to linear extrachromosomal mv4 DNA was observed. Other hybridization signals due to the prophage could not be detected efficiently without submitting the genomic lysogen DNA preparations to a pre-electrophoresis which eliminates the nonintegrated mv4 DNA (see Methods, pulsed-field gel electrophoresis). Spontaneous induction of the prophage in a part of the lysogenic cell population could explain the presence of this linear extrachromosomal mv4 DNA, but there was no evidence for a high level of virions in lysogenic cultures. The presence of this DNA could also reflect some interesting 'non-standard' feature of this phage's lifestyle and more experiments will be done to clarify this issue.
Some chromosomal regions seem to be overrepresented in mv4 transducing particles as seen in Southern blot hybridization of the bacterial DNAs packaged in the mv4 capsid. Probably, as suggested for P22 transduction, preferential packaging of particular parts of the cell chromosome occurs from sites resembling pac (Chelata & Margolin, 1974; Masters, 1985) . In contrast, in P1 transducing particles, all bacterial DNA sequences are present in approximately equal amounts (Masters, 1985) . The genes coding for the two major proteins of 18 and 34 kDa and for a phage-associated lysin were mapped. They are transcribed in a counterclockwise direction on the restriction map.
The mvl and mv4 lysogens were shown to be immune not only to phages mvl and mv4 but also to eight Lactobacillus delbrueckii subsp. bulgaricus phages related to mv4. These phages isolated as virulent phages are genetically related to phage mv4 and are probably mv4 derivatives which have inactive gene(s) involved in the phage gene regulation during lysogeny. These genes can be complemented by the corresponding mv4 prophage genes.
